In the presented article, oxide forms of iron catalysts with the wustite structure and with a R = Fe 2+ /Fe 3+ molar ratio in the range from 3.78 to 8.16 were investigated. The chemical composition of the tested catalyst precursors was determined by inductively coupled plasma optical emission spectrometry (ICP-OES). The X-ray diffraction (XRD) technique was used to determine the phase composition and location of refl ections characteristic of the Fe 1-x O phase. The molar ratio of iron ions R = Fe 2+ /Fe 3+ was determined by manganometric titration. The distribution of promoters in the structure of iron catalyst precursors with different R = Fe 2+ /Fe 3+ ratio was determined by a selective etching method. The dependence of the lattice parameter a o value in the crystal structure Fe 1-x O on the molar ratio R = Fe 2+ /Fe 3+ was determined. On the basis of the determined dependence, R can easily be calculated in catalyst precursors of the wustite structure.
INTRODUCTION
High activity in the synthesis reaction is demonstrated by a catalyst obtained from a precursor, which main component is iron(II) oxide Fe 1-x O called wustite 1 . Wustite is a non-stoichiometric form of iron oxide of the formula Fe 1-x O, in which the Fe/O molar ratio is less than 1. The nonstoichiometric nature of this phase is related to building in of Fe 3+ ions into the crystalline structure at the crystallization stage. The consequence of the higher content of Fe 3+ ions with an ionic radius smaller than Fe 2+ ions is the reduction of the interplanar spacings d and thus the value of the unit cell parameters.
In turn, the increase in the lattice parameter may also be caused by the incorporation of larger size ions into the network for example Ca 2+ instead of Fe 2+ ions. It is known from the current research results that the iron catalyst activity depends on the phase composition of the iron catalyst precursor and on the molar ratio of Fe 2+ / Fe 3+ ions 1 . Maximum activity is achieved by catalysts obtained as a result of the reduction of monophasic precursors, one crystallographic phase of Fe 1-x O with promoters evenly built-in into the structure, and a glass phase 2 . Catalyst precursors in which the molar ratio of Fe 2+ /Fe 3+ ions, denoted as R, is above 3.5 is considered to be monophasic. The activity of the iron catalyst in the ammonia synthesis reaction increases when R increases, until the maximum of the activity, for R equal to 5, is reached 3 . Further increase of R does not change the activity of the catalyst.
It was shown that the increase in the activity of the catalyst reduced from wustite along with the increase in R results from the higher exposure of the crystallographic planes (111) and (211) and the smaller proportion of less active planes (110) of iron in the form of a reduced catalyst 4 . The change in the phase composition of the precursor also infl uences the change in the ratio of the number of acidic to alkaline centers in the active form of the catalyst 5 . When R value increases in the iron catalyst precursors, the proportion of acid centers increases too, what results in an increase in the activity in the ammonia synthesis reaction.
In addition, the increase in R value in the iron catalyst precursor lowers the reduction temperature of the wustite catalyst precursor compared to magnetite 6 . The effect of the reduction temperature lowering is a signifi cant reduction in the energy consumption of the catalyst preparation process in industrial installations.
As can be seen, R in the wustite catalyst precursor has a signifi cant effect on the structure and surface properties that are correlated with the activity of the active phase. Precursors of iron catalysts are produced by melting magnetite with promoters 7 . The R ratio in the wustite catalyst precursor and chemical composition are formed at the initial stage of production. The preparation of an appropriate batch mixture for the melting process is an important element in terms of chemical composition and the amount of reducer. The conditions of the crystallization process that infl uence the distribution of promoters in the catalyst precursor structure 8 are also very important.
One of the methods for determining the molar ratio of R=Fe +2 /Fe 3+ ions in iron catalyst precursors is the manganometric titration method 9 . The main disadvantages of this method are time consumption and the necessity to use expensive, dangerous to health and environmental reagents such as HgCl 2 , SnCl 2 .
The paper investigates the change of wustite cell parameters (a o ) in a series of iron catalyst precursors with a wustite structure with different Fe 2+ /Fe 3+ molar ratio denoted as R. The distribution of promoters in the structure of precursors differing by R was also examined.
The dependence of the lattice constant of Fe 1-x O phase for a series of wustite catalysts on the ratio of iron ions R = Fe 2+ /Fe 3+ , a o = f (R), has been presented.
EXPERIMENTAL
Precursors of wustite catalysts were obtained in a laboratory installation for the melting of catalysts -detailed Polish Journal of Chemical Technology, 21, 3, 48-52, 10.2478/pjct-2019-0029 description can be found in the literature 7, 10 . Magnetite, calcium oxide, aluminum oxide, potassium nitrate(V), and metallic iron as a reducer were used to prepare the catalyst precursors. Various ratios of reducer to magnetite allowed to obtain the precursors of catalysts with different R. After the reagents were completely melted, the lava was drained and cooled down to room temperature. The chemical composition of the obtained catalyst precursors was examined by inductively coupled plasma optical emission spectrometry (ICP-OES). The Optima 5300DV spectrometer from Perkin Elmer was used for the measurements. The solutions of the tested catalyst precursors were prepared by dissolving samples of 0.1 g in Merck hydrochloric acid at a concentration of 30%. The dissolution process was carried out at an elevated temperature using a Milestone microwave oven.
The solution was then quantitatively transferred to a 100 ml volumetric fl ask and refi lled with deionized water.
Scanning electron microscope (SEM) UHR FE-SEM Hitachi SU8020 and attached energy-dispersive X-ray spectroscopy (EDS) system were used for the investigation of the morphology and composition of the wustite based catalyst surface.
The phase composition was determined by X-ray diffraction (XRD) with the Philips X'Pert Pro apparatus. The source of X radiation was a CoK α lamp. The phase composition and positions of refl ections 2Θ were determined using the X'Pert HighScore Plus software.
The R ratio was determined by the managometric titration. This method consists in titration with potassium permanganate of the solution of the dissolved catalyst precursor. The leaching in hydrochloric acid solution is carried out in an inert atmosphere to prevent the oxidation of Fe 2+ iron ions. In the fi rst stage of the analysis, the number of moles of Fe 2+ ions is determined. The second part involves the reduction of iron ions in the third oxidation state using tin(II) chloride to determine the total moles of iron in the sample.
Distribution of promoters in the structure of the oxidized form of the catalyst was examined by the selective etching method 9 . Catalyst precursors with different R were dissolved in solutions of hydrochloric acid of various concentrations and different contact times.
The ICP-OES method with Optima 5300DV Perki-nElmer spectrometer was used to analyze the chemical composition of the solutions. Based on the results, the dependence of the degree of etching of the promoter oxides on the degree of iron dissolution was determined.
RESULTS AND DISCUSSION
The chemical composition and R of the tested catalyst precursors are presented in Table 1 . The ratio of iron ions R changed in the investigated precursors in the range from 3.78 to 8.16 . The contents of individual oxides were: Al 2 O 3 in the range from 1.81 wt.% to 4.11 wt.%, CaO from 1.63 wt.% to 2.98 wt.%, and for K 2 O from 0.39 wt.% to 0.82 wt.%.
The iron catalyst precursors are composed of iron oxide grains with built-in promoters and intergranular space Fig. 1 . In the precursors of catalysts, grains are built of iron(II) oxide, Fe 1-x O, and structure promoters such as calcium oxide and aluminum 11 . Grain spaces are fi lled with calcium and aluminum oxides, that are not build in into the catalyst grain, in the form of such compounds as, for example, CaAl 2 O 4 , Al 2 FeO 4 , CaSiO 3 and potassium oxide in the form of K 2 O, K 2 SiO 3 12 . Comparing the positions of the maxima of refl ections for individual crystallographic planes in different catalyst precursors, it can be seen that the refl ections are not at the same angles. Refl ections for the plane (200) are shown in Fig. 3 . As the R increases, the refl ex moves toward the lower angles. the wustite elementary cell obtained under different temperature conditions. Curve 2 shows the change in the lattice constant and in iron oxide precursors in which promoter ions such as calcium and aluminum are incorporated into the wustite cell structure. Both the preparation conditions and the presence of additional ions in the wustite structure affect the value of the network constant, which may explain the apparent shift between curves 1 and 2 in the fi gure.
In order to investigate the infl uence of R on the degree of incorporation of aluminum, calcium, and potassium oxide into the grain of the oxidized form of the wustite catalyst, the distribution of promoters in precursor structures with different R was examined by the selective etching method. The catalyst precursors with R = 6.38 and R = 4.25 were selected for comparison. The precursor oxide forms have been selected due to similar chemical composition and the largest possible difference in R. Fig. 5 shows the results of selective etching catalyst of R = 6.38. By plotting the dependence of the degree of iron dissolution on the degree of dissolution of individual promoters, a characteristic infl ection can be noticed. This point corresponds to the percentage of promoters in the intergranular space in relation to the total content of oxides in the catalyst precursor. About 57% weight of total Al 2 O 3 and approx. 38% weight of total CaO is located in the intergranular space. The remaining amounts of alumina and calcium dissolve evenly with the digestion of the iron oxide forming the catalyst grain. Potassium oxide in 99% by mass was located in intergranular spaces.
In the case of the R = 4.25 catalyst, Fig. 6 , the curve infl extion for Al 2 O 3 corresponds to 58% by mass. whereas calcium, as in the case of the precursor with R = 6.38, is 38%. The solubility of Ca 2+ ions in the wustite is higher than in other iron oxides 9 . Calcium ions, due to similar valence shell to Fe 2+ ions are easier to integrate into the wustite crystal lattice, entering into the vacancy defect or substituting Fe 2+ ions. On the other hand, Al 3+ ions, due to the same valence shell structure as Fe 3+ , integrate seamlessly into the structure of Fe 3 O 4 to form a solid solution of FeAl 2 O 4 with the same crystallographic structure as Fe 3 O 4 13 . In the wustite Al 2 O 3 , a substitutional solid solution that builds up to a lesser On the basis of the obtained diffraction patterns, the values of lattice constants a were determined for the tested catalyst precursors. The lattice constant a 0 for each catalyst precursor was determined by plotting the linear dependence of parameter a, determined for each Θ, in the function of (cos 2 Θ /sin Θ + cos 2 Θ/ Θ). Parameter a o is the value of the function at the point of its intersection with abscissa axis. Figure 4 The dependence presented for the literature data (1) is based on tests carried out for pure wustite. The observed changes of the lattice constant in the wustite were related to the change in the oxygen content in
CONCLUSIONS
In the work, wustite based catalyst precursors with different R iron ions ratio and similar chemical composition of the promoters were used. A change in the molar ratio of Fe 2+ to Fe 3+ ions in the precursor results in a shift of the maximum refl ections on the X-ray diffraction pattern of the wustite phase. That shift is related to the change of the cell constant of the wustite elementary cell. It has been shown that based on the determined value of the network constant, it is possible to determine the ratio of iron ions on the second and third oxidation states in the iron oxide catalyst precursor with a wustite structure. This method can be used instead of the traditional method of manganometric titration to determine the ratio of R=Fe 2+ /Fe 3+ ions. This is particularly important at the stage of controlling during the wustite catalyst production process. Based on the data from the etching curves and chemical composition, concentrations of calcium and aluminum oxides in the intergranular spaces and grains of the tested catalyst precursors were calculated. Calculated results are shown in Table 2 . Additionally, the table presents data for the catalyst with R = 5.34, for which promoter distribution studies were also carried out. The change of R does not cause a signifi cant change in the degree of incorporation of individual promoters into the grains of these catalysts. It can be noticed that with the increase of R the aluminum concentration in the wustite grain decreases slightly. Concentration of calcium oxide in the wustite grains is on the constant level. Based on the results, it can be assumed that the use of similar amounts of promoters in the catalyst precursors will not affect the value of the lattice constant and the wustite phase. Figure 7 shows the dependence of the network constant a o in the R function.
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